Interferons (IFNs) are multifunctional cytokines that inhibit virus replication, tumor cell growth, and modulate host immunological functions (1). A number of IFN-stimulated genes (ISGs) have been shown to mediate the pleiotropic effects of IFNs (2). Binding of IFN-␣͞␤ to their multisubunit receptor initiates the tyrosine phosphorylation of Janus kinases Tyk2 and JAK1 and the receptor (3, 4). Subsequently, two cytoplasmic signal transducing activators of transcription (STAT) proteins, STAT1 and STAT2, are phosphorylated at specific tyrosine residues leading to their nuclear translocation. These then associate with a 48-kDa DNA binding protein (p48 or ISGF3␥) to form the active complex, ISGF3, and induce transcription of genes that contain the IFN-stimulated response element (ISRE). Similarly, binding of IFN-␥ to its receptor stimulates the tyrosine phosphorylation of Janus kinases JAK1 and JAK2, which then phosphorylate STAT1 but not STAT2 (3).
Interferons (IFNs) are multifunctional cytokines that inhibit virus replication, tumor cell growth, and modulate host immunological functions (1) . A number of IFN-stimulated genes (ISGs) have been shown to mediate the pleiotropic effects of IFNs (2) . Binding of IFN-␣͞␤ to their multisubunit receptor initiates the tyrosine phosphorylation of Janus kinases Tyk2 and JAK1 and the receptor (3, 4) . Subsequently, two cytoplasmic signal transducing activators of transcription (STAT) proteins, STAT1 and STAT2, are phosphorylated at specific tyrosine residues leading to their nuclear translocation. These then associate with a 48-kDa DNA binding protein (p48 or ISGF3␥) to form the active complex, ISGF3, and induce transcription of genes that contain the IFN-stimulated response element (ISRE). Similarly, binding of IFN-␥ to its receptor stimulates the tyrosine phosphorylation of Janus kinases JAK1 and JAK2, which then phosphorylate STAT1 but not STAT2 (3) . Activated STAT1 migrates to cell nucleus, binds to ␥-IFN activated site to induce gene expression. Thus, JAK1 and STAT1 are the common components of IFN signal transduction pathway. Two major pathways activated by IFNs are thought to inhibit cellular or viral growth (1, 2) . The first involves an endoribonuclease, RNaseL, which upon activation by the products of IFN-stimulated 2Ј,5Ј-oligoadenylate synthetases (5) cleaves cellular and viral mRNAs to inhibit growth. The second includes a protein kinase, protein kinase R, that phosphorylates the eukaryotic protein synthesis initiation factor 2␣ leading to cessation of protein synthesis (6) . Down-regulation of Myc (7), up-regulation (8) , and hypophosphorylation (9) of pRB occur during growth inhibition by IFNs in certain tumor cells. Thus, biochemical pathways necessary for both viral and cellular growth are inhibited by IFNs.
Murine polyoma virus (MPyV) is a small DNA virus that under permissive conditions replicates in cells leading to the propagation of viral progeny (10) . Alternatively, it transforms host cells under nonpermissive conditions. As a result of its strong oncogenic potential in multiple tissues, this virus serves as a good model for understanding the mechanisms of carcinogenesis. The 5-kb genome of MPyV encodes viral structural proteins VP1, VP2, and VP3, and an early gene that encodes the large (LT), middle (MT), and small (ST) T antigens (10) . LT and MT are essential for virus replication and cellular transformation. The role of ST is unclear at present. LT stimulates viral DNA replication, transcription, and immortalization of primary cells by binding to retinoblastoma (Rb) tumor suppressor protein (11, 12) . Mutation of Rb-binding site results in a crippled virus that fails to replicate in primary cells. MT interferes with cellular signaling machinery to initiate mitogen-independent cell division (10, 13, 14) . This inner membrane-anchoring protein is tyrosine phosphorylated at positions 250, 315, and 322, each of which is capable of associating with a distinct signaling molecule involved in cellular proliferation (10, 13, 14) . Hence, T antigens play a crucial role in subverting cellular pathways. Previous studies with viral mutants have shown that wild-type (PTA) MPyV but not a mutant that lacks the pRb binding site of LT gene (RB1) is capable of inducing tumor formation with high frequencies in kidneys and thymus of newborn C3H͞BiDa mice (11) . Another difference between the mutant and wild-type MPyV is the relative delay in the onset of death of infected mice due to tumor burden. Mice infected by wild type are moribund much earlier than those infected with mutant (11). These observations indicate that the mutant virus is less capable of counteracting host defenses against viral replication. One such primary host defense is the production of IFN that inhibits viral replication and tumor growth (1, 2) . Therefore, reduction of tumorigenicity of the mutant virus may be in part due to its inability to counteract the effects of IFNs.
DNA viruses are relatively resistant to the inhibitory actions of IFNs (2) . We have chosen MPyV as a model to understand
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MATERIALS AND METHODS
Cells, Viruses, Plasmids and Antibodies. PTA and RB1 cell lines were derived from breast carcinoma tumors in C3H͞BiDa mice induced by MPyV wild type and a mutant that fails to bind pRb (11) . These cells did not produce virus but expressed T antigens. Human JAK1 mutant cell line U4A has been described (15) . Cells were maintained in DMEM supplemented with 10% fetal bovine serum. Vesicular stomatitis virus (VSV), New Jersey serotype, and encephalomyocarditis virus were used for antiviral studies. Murine IFN-␤ (Toray Industries, Tokyo) and murine and human IFN-␥ (Boehringer Mannheim) were employed. Wild-type JAK1 and kinasenegative JAK1(JAK1-KE) cDNAs cloned in mammalian expression vector pRK5 were reported (4, 16) . ISG 561-luciferase, ISG 6-16-CAT, palindromic IFN response element (pIRE)-luciferase and GBP-CAT were described earlier (17, 18) . LT cDNA in a retroviral expression vector (19) and murine 2Ј,5Ј-oligoadenylate synthetase, and protein kinase R cDNAs were described elsewhere (6, 20) . mAb specific for STAT1 and rabbit polyclonal antibodies against p48, STAT2, JAK1, and JAK2 were from Santa Cruz Biotechnology. mAbs against Tyk2 and JAK1 were from Transduction Laboratories. mAb specific for LT, MT, and ST was described (21) .
Cell Growth and Antiviral Assays. Cell growth inhibition assays were performed as described (22) . Antiviral assays were performed as described (23) with the following modifications. At the end of the assay the surviving cells were stained with sulforhodamine B and the bound dye was quantitated in a microplate reader at 570 nm. Increase in A 570 with IFN treatment as compared with untreated but virus-infected cells was taken as cell protective effect of IFN-␤.
Gene Expression Analyses. Northern blots and reporter gene (CAT and luciferase) assays were performed as described earlier (23, 24) . Reporter gene activities were normalized to cotransfected ␤-actin-␤-galactosidase gene. Total amount of DNA transfected in the parallel controls was kept constant by adding the pRK5 expression vector, wheras multiple plasmids were cotransfected. Electrophoretic mobility shift assays (EMSA) with 32 P-labeled ISRE or pIRE probes were performed as described (24) . Immunoprecipitation and Western blot analyses were performed as described (25) .
RESULTS

IFN-␤ Fails to Activate Biological Responses in MPyV-
Transformed Cells. Because the RB1 mutant failed to induce tumors in certain tissues and a clear delay in the onset of death was observed compared with wild-type MPyV infected mice (11), we hypothesized that the mutant virus failed to counteract host-produced IFN. Therefore, we first examined the effect of murine IFN-␤ on the growth of breast carcinoma cells transformed by MPyV. Two cell lines PTA and RB1 derived from breast tumors induced by wild-type and mutant virus were employed to examine the cell growth inhibitory effects of IFN-␤. Cells were incubated with various doses of IFN-␤ (10-1000 units͞ml) for 5 days and examined for growth arrest. As shown in Fig. 1 , IFN-␤ failed to inhibit growth of PTA cells at all doses tested. However, RB1 was readily inhibited by IFN-␤ in a dose-dependent manner (Fig. 1) . Similar results were also obtained with two other cell lines that were derived from different mice infected with wild-type or mutant viruses (data not shown). Thus, the IFN resistance in PTA cells may not be a clonal effect.
We then examined whether such difference existed in the antiviral responses of PTA and RB1 cells upon IFN-␤ treatment. Cells were treated with various doses of IFN-␤ for 16 h followed by an infection with 10 multiplicity of infection of VSV or encephalomyocarditis virus. Forty hours later cells were stained with sulforhodamine B and cell protection was quantitated by using the colorimetric assay described in Fig. 1 . IFN-␤ failed to protect PTA cells against the challenge of VSV (Fig. 2) or encephalomyocarditis virus (data not shown). However, a dose-dependent protection of RB1 cells against VSV infection by IFN-␤ was noted. Thus, IFN-␤ failed to exert two of its biological actions in PTA cells. 
ISG Expression in MPyV-Transformed Cells.
To test whether loss of IFN responses correlated with a failure of ISG expression Northern blot analyses were performed. Total RNA from untreated and IFN-␤ treated PTA and RB1 cells was prepared, analyzed by Northern blot, and hybridized to gene specific probes corresponding to murine 2Ј,5Јoligoadeny-late sythetase or protein kinase R. Neither of these genes was induced by IFN-␤ in PTA cells. Contrary to this, these mRNAs were readily induced in RB1 cells (Fig. 3) . Consistent with the presence of multiple 2Ј,5Ј-oligoadenylate sythetase gene products (20) , at least two species of 2Ј,5Ј-oligoadenylate sythetase mRNAs were induced in these cells. Expression of ␤-actin mRNA was similar in both the cells. Thus, a global transcriptional block was not responsible for the failure of ISG induction.
Transcriptional inhibition of ISG expression was also studied by using reporter genes regulated by enhancers of several ISGs. Expression of chloramphenicol acetyltransferase (CAT) and luciferase reporters driven by the ISG 6-16 and ISG 561 promoters was not stimulated by IFN-␤ in PTA cells in transfection assays. However, these reporters were strongly induced in RB1 cells upon IFN-␤ treatment (Fig. 4 A and B) . Expression of ␤-actin promoter-driven CAT was comparable in these cells (data not presented). We also examined whether IFN-␥-stimulated gene expression was affected similarly. IFN-␥-induced expression of guanylate binding protein gene promoter-driven CAT and a pIRE-regulated luciferase gene was not observed in PTA cells. However, a strong induction of these reporters was observed in RB1 cells (Fig. 4 C and D) . Thus, IFN-␤ and IFN-␥ inducible gene expression was blocked in cells transformed by wild-type MPyV.
Inhibition of IFN-Activated DNA Binding of Transcription Factors. Because ISG expression is dependent on specific transcription factors (3), IFN-activated DNA binding of transactivating factors was examined in PTA and RB1 cells. Two types of IFN responsive elements, ISRE (23) and pIRE (18) , were employed as probes for detection of transcription factor binding in EMSA. Cytoplasmic and nuclear extracts were prepared after stimulation of PTA and RB1 cells (Fig. 5A ). They were then incubated with 32 P-labeled probes in EMSA. IFN-activated binding of ISGF3 was not detected in PTA cytoplasmic extracts before or after IFN-␤ treatment (Fig. 5A,  lanes 2 and 3) . In RB1 cells ISGF3 was rapidly induced (Fig.  5A, lanes 4 and 5) . EMSA with nuclear extracts also yielded similar results. In the nuclear extracts, two factors bound to ISRE constitutively (Fig. 5B) . One of these was ISGF2 (IFNregulatory factor 1) as detected by specific antibodies (data not presented). An inducible factor, ISGF-3 was formed with IFN-␤-stimulated RB1 nuclear extracts but not with those from PTA cells (Fig. 5B compare lanes 4, 2) . The identity of this factor as ISGF3 was established by inhibition of formation of the complex upon preincubation of the extracts with specific antibodies against p48 and STAT1 (data not shown). EMSA was also performed with IFN-␥-stimulated nuclear extracts and labeled pIRE as a probe. Binding of STAT1 to pIRE was not observed with nuclear extracts from untreated cells (Fig.  5C, lanes 1 and 3) . IFN-␥ robustly induced the binding of STAT1 to pIRE in RB1 cells but not in PTA cells (Fig. 5C,  compare lanes 4 and 2) . These results suggest that lack of ISG expression may be due to a failure to activate IFN-stimulated transcription factors (3, 4) in PTA cells. However, no differences were noted in the levels of IFN-␥ receptor chains, STAT or JAK kinases between PTA and RB1 cells. Further, no detectable tyrosine phosphorylation of STAT1 was seen in PTA cells at low doses of IFN used (data not shown). High doses of IFN-␥ (1,500 units͞ml) activated STAT1 binding to DNA in PTA, lower than that observed in RB1 cells, indicating that IFN was able to partially over come the inhibition. There was also no significant difference in the levels of T antigens in PTA and RB1 cells (data not shown).
LT Binds to JAK1. Because there were no obvious changes in the levels of components of IFN signal transduction pathway and of the T antigens, we tested whether inhibition of ISG expression was due to a selective binding of STAT1 or JAK1 by the T antigens. Immunoprecipitation analyses with a mAb that detects all the T antigens revealed no association of STAT1 and JAK2 in PTA and RB1 cells (data not shown). However, JAK1 was coimmunoprecipitated by an antibody against T antigen in PTA but not in RB1 cells (Fig. 6A) . 2) . However, not all the JAK1 was bound by LT quantitatively. Contrary to this, JAK1 did not immunoprecipitate along with T antigen in RB1 cells (Fig. 6A, lanes  3, 4) . Because JAK1 was coimmunoprecipitated with T antigens, we next determined which of the T antigens interacted with JAK1. Cell extracts were immunoprecipitated with anti-JAK1 antibody followed by Western blot analysis with antibody against T antigen. These assays revealed that LT coprecipitates with JAK1 in PTA (Fig. 6A, lanes 1 and 2) but not in RB1 cells (Fig. 6A, lanes 3 and 4) . MT, and ⌬LT were not observed in these immunoprecipitates (Fig. 6B ). All these lanes expressed similar levels of JAK1 (data not shown). Thus, JAK1 and LT appeared to interact with each other. Quantitatively, all the LT in the extracts was not immunoprecipitated by JAK1. The LT:JAK1 immunoprecipitates had no detectable kinase activity (data not presented). Overexpression of JAK1 Restores IFN Responses. Because the above results indicated loss of IFN-responses and an interaction between LT and JAK1 in PTA cells, we next examined whether overexpression of JAK1 would restore IFN-␥ responses in PTA cells (Fig. 7A ). Cells were transfected with pIRE-luciferase vector along with a control (pRK5) or JAK1 expression vector (16) . Cotransfection of expression vector alone followed by IFN-␥ treatment did not significantly induce luciferase gene expression (Fig. 7A, bars 1, 2) . Introduction of JAK1 expression vector conferred a strong IFN-␥ inducibility to the reporter gene (Fig. 7A, bars 3 and 4) . In a similar experiment, cotransfection of JAK1-KE (a mutant that lacks kinase activity) failed to restore IFN-␥ responses (Fig.  7A , bars 5 and 6). Thus, JAK1 appeared to be a target of T antigen mediated inhibition. Under the same conditions, JAK1 caused only a marginal elevation of reporter expression in IFN-treated RB1 cells that was not significantly different from that of untransfected cells (data not shown).
To further examine the effect of LT on JAK1, expression vectors carrying LT or JAK1 introduced into U4A (15), a mutant human cell line that lacked endogenous JAK1 (Fig.  7B) . Transfection of control vector pRK5 followed by IFN-␥ A and B) or pIRE (C). In A and B cytoplasmic and nuclear extracts (4 g) from the same cells were used. None, no extract. ''Ϫ'' and ''ϩ'' signs are similar to Fig. 2 . Positions of specific complexes were indicated. In C nuclear extracts (3 g) were used for EMSA. treatment did not induce pIRE luciferase activity (Fig. 7B , bars 1 and 2). Cotransfection of JAK1 expression vector restored IFN-inducibility in this cell line (Fig. 7B, bars 3 and 4) . These results are consistent with previous studies in this cell line (15) . LT alone had no effect on the reporter and IFN-␥ treatment did not induce gene expression (bars 5, 6) . Cotransfection of LT along with JAK1 clearly suppressed the IFN inducibility of the luciferase reporter (Fig. 7B, bars 7 and 8) . Thus, LT counteracted ligand activated JAK1 action. Under these conditions cotransfection of a MT expression vector had no effect on gene expression (data not shown).
DISCUSSION
Successful establishment of transformed state by oncogenic viruses is dependent on their ability to inhibit host pathways that impose constraints on their replication (1, 2). For example, the adenovirus E1A and hepatitis B viral terminal protein interfere with the activation of ISGF3 by reducing levels of p48 and STAT1 (23, (26) (27) (28) (29) (2) . These mechanisms may not only permit unabated viral replication but also play a crucial role in establishing persistent infection or cellular transformation. The strong oncogenic potential of MPyV (10) may include not only a subversion of growth promoting pathways but also an inhibition of growth suppressive mechanisms. In this investigation we have shown that antiviral and antitumor actions of IFN-␤ was inhibited in cells transformed by wild-type MPyV. Although there was no significant change in the levels of IFN receptor or signaling components, both IFN-␤-and IFN-␥-inducible gene expression was not observed. Therefore, a component common for both these signaling pathways was dysfunctional in the MPyVtransformed cells. Indeed, overexpression of JAK1 restored IFN-stimulated gene expression in PTA cells (Fig. 7A) . Additionally, in a mutant cell line that lacked JAK1, transient coexpression of JAK1 restored the IFN-␥ response that was suppressed by LT alone (Fig. 7B) . Consistent with these observations, JAK1 coimmunoprecipitated with LT. Such interaction did not occur with a LT that harbored a mutation in the pRb binding site. Therefore, JAK1:LT interaction may in part account for the observed inhibition of IFN responses. Our studies do not rule out a possibility that LT induces cellular inhibitor(s) of JAK1, because all the JAK1 in the cells is not quantitatively bound by LT. These observations also suggest that a balance between the levels of LT or JAK1 determine the resistant or responsive states of the host cell. Thus, our studies identified a novel inhibitory mechanism of IFN signals. More importantly, they reflect a natural phenomenon because PTA cells were derived from the tumors that arose from virus infection in vivo rather than by an in vitro selection of cells that overexpressed viral proteins. In PTA and RB1 cells, in addition to the full length LT, a truncated LT that represents the N-terminal region of LT is also present (12) . Full length LT contains the oligomerization and pRb binding domains (10, 37) but the truncated one lacks the oligomerization domain (12) . Curiously, in the immunoprecipitates full length LT but not the truncated one is seen. These observations suggest that the oligomerization domain of LT is important for interaction with JAK1. LT oligomerization may permit the formation of a pseudo-structure that serves as a JAK1 binding interface. Such structure may be reminiscent of JAK binding sites of cytokine receptors, wherein multiple receptor subunits interact with JAK1 (4). However, there is no discernible homology between cytokine receptors and the LT. Interestingly, mutation in pRb binding site (N-terminal) inhibits anti-IFN activity. It is likely that this mutation induces a conformational change that disrupts the formation of JAK1 interacting surface. IFNs also induce hypophosphorylation of Rb (9), leading to cellular growth arrest. Binding of Rb by LT (10, 11) also prevents its participation in IFN-initiated growth suppression. Simultaneous disarming of cell growth control by ablation of Rb function and IFN action by suppressing JAK1 activity by LT may reflect the versatility of small DNA viruses in dominating the cellular functions with a minimal number of proteins. Our results are also consistent with the observations that disruption of receptor function or JAK-STAT pathway results in a loss of tumor growth inhibitory properties of IFNs (38) (39) (40) (41) . What function, if any, does JAK1 perform in association with T antigen? Although JAKs function by associating with a number of cytokine or growth factor receptors in the cell membrane, recent studies show that JAKs are also present in the nucleus (42) . These observations indicate a broader role for JAKs in the modulation of cellular functions. Because LT influences DNA synthesis and transcription in virus infected and transformed cells (10) , its interaction with JAKs may permit the modulation factors involved in those processes.
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